Introduction

20
The C4 metabolic syndrome evolved from C3 photosynthesis under declining ambient CO 2 21 and increasing transpiration demand in semi-arid environments (Griffiths et al., 2013 , Osborne & 22 Sack, 2012 . In these environments, characterized by high irradiances (where energy supply is 23 not limiting) and high temperatures, C4 plants have higher photosynthetic rates than C3 plants 24 (Pearcy & Ehleringer, 1984) . For this reason many C4 plants are important agricultural crops and 25 weeds: maize, for example, has been the world's leading grain production cereal (FAO, 2012) .
26
Following concerns about climate change, the high productivity of C4 plants in warm climates 27 has drawn additional attention to C4 physiology, also with the goal of introducing 'beneficial' 28 C4 traits into C3 crops such as rice (Covshoff & Hibberd, 2012 , Kajala et al., 2011 2008).
30
The high productivity of C4 plants derives from an active suppression of the oxygenase 31 activity of Rubisco by means of a biochemical carbon concentrating mechanism (CCM) that 32 concentrates CO 2 in the cellular compartment where Rubisco is exclusively expressed (bundle 33 sheath, BS). The CCM has a notable metabolic cost (a theoretical minimum of 2 moles of ATP 34 per mole of CO 2 assimilated) (Furbank et al., 1990) and involves complex anatomical and 35 biochemical machinery that decrease efficiency when light is limiting.
36
Although up to 50 % of C4 crop canopy photosynthesis may be carried out by shaded leaves 37 (Baker & Long, 1988) , light limitations play an important role in limiting canopy productivity,
38
and severe effects on net canopy photosynthetic uptake have been reported (Kromdijk et al., 39 2008). Most leaves progressively acclimate to shade, since they emerge at the top of the canopy 40 (as high light leaves) and become shaded by newly emerging leaves. This permanent long-term 41 acclimation is accompanied by a transitory short-term acclimation response (e.g. daily shading).
42
Understanding acclimation strategies, i.e. how C4 metabolism copes with light limitations, is 43 therefore relevant to crop production as well as providing insights for C4 energetic efficiency.
44
This paper investigates the influence of long-term acclimation on C4 inefficiencies under low 45 light intensities. Previous studies have associated the inefficiency of the CCM under low light to 46 an increase in leakiness ( ), i.e. the rate of CO 2 retrodiffusion out of the BS relative to the rate of 47 PEP carboxylation (V P ) [for review (Ubierna et al., 2011)] . is inevitable and an inherent 48 feature of a biochemical CCM because a CO 2 concentration gradient is established by 49 overcycling CO 2 between cellular compartments connected by plasmodesmata. is considered a 50 wasteful process since the refixation of that escaping CO 2 results in an additional ATP cost of the 51 CCM [ times higher than the theoretical minimum of 2 ATP per CO 2 (Furbank et al., 1990 , 52 Tazoe et al., 2008 ]. results in enriched 13 CO 2 retrodiffusing from BS, thus enabling to be 53 estimated by studying real-time carbon isotope discrimination during photosynthesis, as OBS 54 (Evans et al., 1986) .
55
is one of the discrimination processes operating in C4 photosynthesis that were resolved 56 into weighted individual fractionations by the model originally derived by G.D. Farquhar (1983) .
57
In the model, diffusion in air, dissolution in water, PEP carboxylation, mitochondrial estimation of these concentrations is not entirely straightforward. C a , the atmospheric CO 2 62 concentration in the cuvette, can be measured directly with the gas exchange analyser. C i , the 63 CO 2 concentration in the substomatal cavity, and C M , the CO 2 concentration in mesophyll cells,
64
are calculated using the equations for steady-state photosynthesis (Farquhar et al., 1980, von 65 Caemmerer & Farquhar, 1981 codified from studies on C3 plants (Flexas et al., 2007 , Long & Bernacchi, 2003 2009). J ATP , R LIGHT and g BS are more difficult to distinguish experimentally and the approach 75 followed by the latest studies leaves room for improvement: i) J ATP has been traditionally 76 resolved from a theoretical relationship between quantum yield of photosystem II and ATP
77
production rate. This estimate relies on parameters that are difficult to measure, some of which 78 are still unknown (von Caemmerer, 2000) . ii) R LIGHT has often been assumed equal to respiration 79 in the dark, which is relatively simple to measure [e.g. (Ubierna et al., 2013) ]. Growing 80 awareness of the mechanisms of regulation of respiration in the light (Tcherkez et al., 2008) review (Ubierna et al., 2011) ]. This approach introduces a certain degree of circularity, since C BS 85 and are both estimated from OBS .
86
In order to develop these technical issues we introduced three major experimental advances: i)
87
R LIGHT was measured through the combined use of fluorescence and gas exchange (Yin et al., 88 2011a) ; ii) the total ATP production rate, J ATP , was measured at low O 2 and the value was 89 corrected by the small ATP demand for photorespiration (Yin & Struik, 2009 , Yin et al., 2011b 90 iii) using the precise estimate of J ATP , g BS could be estimated by curve fitting based on J ATP (J / J 91 approach). Since g BS and were derived from independent datasets, the J / J approach did not 92 suffer the circularity of the / approach; finally, plants were grown under two contrasting 93 light regimes with the lowest (100 E m -2 s -1 ) well below that used in comparable studies 94 (Kromdijk et al., 2010 , Pengelly et al., 2010 , Tazoe et al., 2008 . trapping-purification line (Griffiths et al., 1990) , that concentrated the CO 2 in the low IRGA 145 flow rates. The trapping line consisted of a glass coil in which CO 2 and water were frozen under 146 liquid N 2 . 40-50 mol s -1 of gas, taken either from the leaf cuvette or from the reference gas tube,
147
were trapped for 15 min. A minimum surplus was vented to ensure overpressure in the piping.
148
To match IRGAs the sample flow was periodical redirected towards the IRGA reference channel.
149
After trapping, CO 2 was purified by differential sublimation in a sealed vial for mass 150 spectrometry.
151
Measurements were performed with a rigid acclimation routine. intercept of the linear regression gives an estimation of -R LIGHT (Supporting Fig. 1 ).
175
Total ATP production rate J ATP
176
J ATP was derived from gas exchanges at low O 2 concentration and corrected under ambient O 2 .
177
We adopted a gas exchange / fluorescence approach as it did not rely on assumptions or 178 uncertain parameterization. This method was used in previous studies (Yin & Struik, 2009 O 2 , and photorespiration are minimal (Kromdijk et al., 2010) and the ATP requirement of GA
186
(3 / 0.59) is similar to the theoretical minimum (Yin & Struik, 2009 , Yin et al., 2011b . 
200
This procedure to derive J ATP was particularly suitable to parameterize and fit the C4 model.
201
Since J ATP was measured concurrently to gas exchange and isotopic discrimination, it represented 202 the actual J ATP of the portion of the leaf that was subject to isotopic discrimination 
206
Estimated leakiness from isotopic discrimination
207
Leakiness was resolved from carbon isotope discrimination (Farquhar, 1983, Farquhar & 208 Cernusak, 2012, Ubierna et al., 2013) :
Where the subscript 'id' reminds that was obtained from isotopic discrimination, C a , C i ,
212
C BS , C M are the CO 2 concentrations in the different compartments; a is the fractionation during mesophyll; t represents the ternary effects; other quantities were previously defined (Table 1) .
217
C a is measured directly by the IRGA, whilst the estimations of C i , C M and C BS require 218 modelling.
219
Modelled C4 photosynthesis 220
The C4 model described below estimated the CO 2 concentrations in the different 221 compartments (C i , C M and C BS ) that are required to parameterize Eqn 3. C i was estimated through 222 the equations for steady state photosynthesis (Farquhar et al., 1980, von Caemmerer & Farquhar, 223 between individuals), so it was estimated by curve fitting. To do so, the C4 model was 247 rearranged to express a measured quantity.
248
In a first approach (referred to as J / J method) the model was rearranged to express a 249 modelled ATP production rate J MOD (Ubierna et al., 2013) : were previously defined (Table 1) .
268
MOD was iteratively calculated at different g BS , and the value of g BS that fitted MOD to OBS 
272
The values obtained for C BS and g BS , with the two fitting approaches described, were used to 273 derive id from isotopic discrimination data OBS as described above. 
307
The total ATP production rate (J ATP ) is shown by symbols in Figure 3A . J ATP was derived PAR (inset in Figure 1 ) was achieved through a higher conversion efficiency and lower 313 respiration rate (Table 2) .
314
Isotopic discrimination during photosynthesis ( OBS ) is shown by symbols in Figure 3 B shows that g BS was lower when obtained through the J / J approach. estimates of (see discussion). calculated using parameters derived from leaves differing from those subject to gas exchange, 366 because, in this case, J ATP did not strictly represent the portion of the leaf subject to isotopic 367 discrimination and gas exchange investigations e.g. (Kromdijk et al., 2010) .
368
The J / J approach suited the C4 model parameterization. Firstly, J ATP was derived from gas intensity, even below the compensation point; ii) the equipment was relatively cheap and easy to 378 maintain; iii) data had low noise / signal ratio. To show these differences and the similarities between the two approaches, model parameters 381 other than g BS were kept constant throughout, using consensus values derived from the literature ( findings, and showed the conventional hyperbolic increase at decreasing PAR (Kromdijk et al., 413 2010, Ubierna et al., 2011 , Ubierna et al., 2013 , von Caemmerer & Furbank, 2003 (Kromdijk et al., 2010) ] showed a increase at low PAR. This increase was observed also in 418 other C4 species (Pengelly et al., 2010 , Tazoe et al., 2008 x was downregulated (Fig 5 A) . This meant that the fraction of ATP consumed by PEPC over the when the biochemical exchange of acids between BS and M had not been optimized yet 454 (Griffiths et al., 2013) . As a consequence of the decreased CO 2 flux to BS, C BS would decrease.
455
To maintain a physiological assimilation rate (Fig 1 A) relative Rubisco / PEPC activity on was shown in a modelling study, where the enzyme 460 activation state was taken into account (Peisker & Henderson, 1992) . A 10 % reduction in
461
Rubisco activity relative to PEPC activity resulted in increasing by 14 %. A similar result was 462 obtained experimentally in sugarcane where a 50 % higher relative Rubisco / PEPC activity 463 measured in vitro corresponded to a 16 % lower estimated from isotopic discrimination of 464 total leaf dry matter (Saliendra et al., 1996) . 
477
Wider implications
478
The long-term and short-term acclimation to LL has implications at field level. In crop 479 canopies leaves emerge fully exposed (equivalent to HL plants) and then undergo a low-light 480 acclimation when progressively shaded by newly emerging leaves. We showed that maize leaves 481 grown under HL did not short-term acclimate [in agreement with (Ubierna et al., 2013) ], nor 482 did plants grown under intermediate light (Kromdijk et al., 2010) . However, plants grown under 483 diffuse LL did display the capacity to short-term acclimate (flat response). We hypothesised 484 two scenarios, both involving the capacity of optimising limiting ATP resources under low PAR.
485
If plants were deploying similar strategies in the field, the impact of leakiness-dependent carbon 486 losses at canopy scale may be much smaller than previously thought (Kromdijk et al., 2008) .
487
Future work will be oriented towards studying whether the 'low leakiness state' is also 
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Tables. Table 1 . Abbreviations, definitions and units for variables and acronyms described in the text.
Symbol Definition Values/Units Isotopic composition relative to Pee dee belemnite ‰ a 13 C fractionation due to diffusion of CO2 in air. Because of vigorous ventilation we neglected the fractionation of the boundary layer (Kromdijk et al., 2010) . Craig, 1953) A Net assimilation mol m -2 s -1 ad 13 C fractionation due to diffusion of CO2 in water 0.7 ‰ (O'Leary, 1984) ATP Adenosine triphosphate b3 13 C fractionation during carboxylation by Rubisco including respiration and photorespiration fractionation (Farquhar, 1983) .
‰ (
‰ b3' 13 C fractionation during carboxylation by Rubisco 30 ‰ (Roeske & Oleary, 1984) b4 Net fractionation by CO2 dissolution, hydration and PEPC carboxylation including respiratory fractionation (Farquhar, 1983 .
Net fractionation by CO2 dissolution, hydration and PEPC carboxylation.
-5.7 ‰ at 25 °C but variable with temperature (Farquhar, 1983 , Kromdijk et al., 2010 -1 e 13 C fractionation during decarboxylation 0 ‰ to -10 ‰ (Barbour et al., 2007 , Ghashghaie et al., 2001 , Gillon & Griffiths, 1997 , Hymus et al., 2005 , Igamberdiev et al., 2004 , Sun et al., 2012 , -6 ‰ in this studystudy (Kromdijk et al., 2010 ). e' 13 C fractionation during decarboxylation, including the correction for measurement artefacts: e e
In this study 13 Cmeasurements = -9.46 ‰;
13
Cgrowth chamber = -8 ‰ (Wingate et al., 2007) ‰ es 13 C fractionation during internal CO2 dissolution 1.1 ‰ (Mook et al., 1974 , Vogel, 1980 , Vogel et al., 1970 
RM
Mesophyll non photorespiratory CO2 production in the light RM = 0.5 RLIGHT (Kromdijk et al., 2010 , Ubierna et al., 2011 , von Caemmerer, 2000 mol m -2 s x Partitioning factor of JATP between C4 activity VP (PEP regeneration and PEP carboxylation, Eqn 7) and C3 activity VC+VO (reductive pentose phosphate pathway and photerespiratory cycle) 0.4 (Kromdijk et al., 2010 , Ubierna et al., 2011 , Ubierna et al., 2013 , von Caemmerer, 2000 Fraction of PSII active in BS cells 0.15 (Edwards & Baker, 1993 , Kromdijk et al., 2010 , von Caemmerer, 2000 . *
Half of the reciprocal of the Rubisco specificity 0.000193 (von Caemmerer, 2000 is shown to exemplify limiting light conditions. The compensation point was determined fitting a quadratic equation with the use of dedicated software (Photosyn assistant 1.2, Dundee Scientific, Dundee, UK) (Dougherty et al., 1994 , Prioul & Chartier, 1977 Table 3 Bundle sheath conductance estimated by curve fitting. J / J fitted a modelled ATP production ratio (J MOD ), on a measured J ATP (determined with the chlorophyll fluorescence -low O 2 method). / fitted a modelled isotopic discrimination MOD , to the measured isotopic discrimination OBS . Different letters were deemed significant for P < 0.05 in a Tukey multiple comparison test (Genstat) . Average values ± S.D. LL n = 4; HL n = 3. (Dougherty et al., 1994 , Prioul & Chartier, 1977 . The inset shows a magnification in the vicinity of the compensation point. 
